Introduction
Influenza A virus (IAV) is an enveloped virus within the family Orthomyxoviridae and causes highly contagious disease in birds and mammals, including humans, resulting in seasonal epidemics and several world-wide pandemics (e.g. influenza viruses H1N1 in 2009). IAV genomes contain eight negativesense single-stranded RNA segments (vRNA) that encode 14 viral proteins Muramoto et al., 2013; Samji, 2009; Wise et al., 2012) . Virus infection stimulates several host antiviral defenses against the virus, and these activities can be countered by the virus through its own viral proteins, such as non-structural protein 1 (NS1) (Krug et al., 2003) .
The multi-functional NS1, which is encoded by the eighth RNA segment, is one of the IAV virulence factors. NS1 is composed of two major functional domains, an N-terminal RNA-binding domain and a C-terminal effector domain, separated by a linker region. Through binding to double-strand RNA and retinoic acid-induced gene 1 protein (RIG-I), NS1 antagonizes host innate/adaptive immune responses and inhibits interferon (IFN) production (Kochs et al., 2007) . NS1 also binds to the nucleoprotein (NP) of the viral ribonucleoprotein (vRNP) complex to facilitate efficient virus replication and to maintain virulence during viral infection (Robb et al., 2011) .
Phosphorylation, as a protein post-translational modification, is a ubiquitous mechanism for the temporal and reversible regulation of protein function. In eukaryotic cells, phosphorylation commonly occurs on serine, threonine or tyrosine residues and has a wide range of effects on enzyme activity, protein stability, subcellular localization, signaling pathways and protein-protein interactions (Cohen, 2000b) . Phosphorylation of influenza viral proteins also plays important roles during the influenza infection. Most of the viral proteins are found phosphorylated (Gregoriades et al., 1984; Hutchinson et al., 2012; Privalsky and Penhoet, 1978) .
Phosphorylation of NP contributes to its self-oligomerization, NP-RNA binding, intracellular distribution and vRNP activity, affecting viral growth (Bui et al., 2002; Chenavas et al., 2013; Hutchinson et al., 2012; Mondal et al., 2015; Turrell et al., 2014; Zheng et al., 2015) . The matrix protein 1 (M1) also contains known phosphorylated residues, such as Y132. Phosphorylation of Y132 of the influenza virus A/WSN/ 1933 strain alters the intracellular transport of M1 and thus, impacts the efficiency of virus generation (Wang et al., 2013) .
Non-structural protein 1 is also phosphorylated during virus infection, and this phosphorylation occurs rapidly after translation in the cytoplasm (Privalsky and Penhoel, 1981) . Several phosphorylation sites of NS1 have been reported, such as S195 and T197, that are known to be phosphorylated based on biochemical and structural work (Hale et al., 2009; Hsiang et al., 2012; Hutchinson et al., 2012; Kathum et al., 2015; Privalsky and Penhoel, 1981) . However, the physiological consequences of these modifications on these sites are still unknown.
Recently, three new phosphorylation sites (S42, S48 and T215) on NS1 have been reported, and only phosphorylation of S42 affects virus replication during infection. The residues S48 and T215 were mutated to glutamic amino acid (E) to mimic continuous phosphorylation state of the sites, but the mutation do not result in significant changes in virus propagation (Hale et al., 2009; Hsiang et al., 2012) . A newly identified phosphorylation site S49 has been investigated to be capable of dissolving of NS1-TRIM25 binding as well as NS1-RIG-I complex (Kathum et al., 2015) .
To further understand how phosphorylation affects the functions of NS1, the phosphorylation status of NS1 in virus-infected cells was determined, and site T80 was identified as a novel phosphorylation site and experimentally characterized. We found that T80 phosphorylation disrupted the innate immune evasion of IAV and attenuated virus replication.
Results
The conserved T80 residue of NS1 is a phosphorylation site
To identify phosphorylated residues in NS1, the NS1 protein was purified with protein G agarose beads pre-bound to a rabbit anti-NS1 polyclonal antibody from the lysate of WSN-infected 293 T cells, and the phosphate-affinity SDS-PAGE was performed to enrich for phosphorylated NS1 (Kinoshita et al., 2009) . The uninfected cells lysate and a non-specific IgG antibody were used as controls to identify the antibody specificity. Two visible bands that were sensitive to alkaline phosphatase (ALP) treatment and migrated much more slowly than NS1 WT were considered to be phosphorylated NS1 (Fig. 1A) . Further analysis of the spectra revealed that T80 was a phosphorylated residue (Fig. 1B) . LC-MS/MS was utilized to analyse these two bands, which confirmed that they were the NS1 of influenza virus A/WSN/1933(H1N1) (Fig. 1C) . A. Gel electrophoresis of phosphorylated NS1 immunoprecipitated with a rabbit anti-NS1 antibody. The two bands indicated were digested and identified by LC-MS/MS analysis. The NS1 and phosphorylated NS1 (pNS1) bands are indicated by arrows. ALP, alkaline phosphatase; and IgG, non-specific control antibody. B. MS results for the NS1. The fragment ions b3, b5 and b7 with corresponding increased phosphoric acid determine that T80 is a modification site C. The peptides including phosphor-Thr 80 was marked green and the phosphor-Thr residue are marked red. Other peptides (blue) were also detected by MS; the peptide was identified in the second band. The protein sequence coverage was 51.3%. D. Phosphor-threonine-containing NS1 was detected by specific anti-phosphor-Thr antibodies in a virus infection experiment. The amount of whole loading protein was probed with anti-NS1 antibody to show the levels of total NS1. The relative NS1 intensity was firstly normalized to IgG light chain, and then determined as the ratio of threonine-phosphorylated NS1 to total NS1. The loss of phosphorylation at T80 drastically reduced the level of total NS1 threonine phosphorylation. **, p value < 0.01.
To further confirm whether T80 is related to NS1 threonine phosphorylation, WSN WT and T80A mutant virus rescued by reverse genetic system were used to infect A549 cell at an MOI of 5 and NS1 protein in cell lysate were enriched by anti-NS1antibody prebinding with protein G agarose, while the uninfected cell and non-specific IgG served as control. The levels of total NS1 threonine phosphorylation were determined by use of an anti-phosphor-Thr antibody (Fig.1D) . We found that conversion of T80 to alanine greatly reduced the level of NS1 threonine phosphorylation compared with that of the NS1 WT. Quantified analysis of the relative intensity of the threonine-phosphorylated NS1 in three independent assays revealed that the loss of phosphorylation at T80 led to a significant reduction of more than half the proportion of total NS1 threonine phosphorylation, demonstrating that T80 is a phosphorylated site on NS1. The remaining pThr band also suggested that there are other threonines being phosphorylated in this time point.
Sequence homology alignments demonstrated that the T80 residue belonged to the linker region and is highly conserved among different types of influenza virus (in many cases, the site 80 is serine which is also phosphorylatable.), with the exception of a portion of H5N1 subtype viruses after 2004 (such as A/Viet Nam/1203/2004 H5N1, GenBank accession no. HM006763.1), in which residues 80-84 are absent in this region ( Fig. 2A and B) . We then analysed the surface accessibility of T80 on the NS1 crystal structure (Carrillo et al., 2014; Hale, 2014) . The spatial position of T80 and its hydroxyl group were showed solventaccessibility in flexible linker region of NS1 structure, indicating that it could be a functional phosphothreonine (Fig. 2C) .
The T80E mutation attenuates WSN virus replication in cell culture and in a mouse model
To determine the effect of T80 phosphorylation on virus replication, recombinant WSN viruses encoding NS1 with two types of substitution at T80 were generated: a T-to-A substitution to eliminate phosphorylation and a T-to-E substitution to mimic constitutive phosphorylation of this site. The recombinant viruses were titrated at 72 h p.t. by plaque assays. The WSN T80A mutant did not display significant differences with the viral titers of WSN WT, while the WSN T80E mutant attenuated the titer by 100-fold (Fig. 3A) . We examined the viral proteins, NP, NS1 and M1, in the lysates of transfected cells, and the expression patterns of these two major proteins were similar in the WSN WT and T80 mutants (Fig. 3B) .
We also analysed the NP and NS1 expression level of WSN WT and T80 mutants in virus-infected A549 cells within the first replication cycle, the A549 cells were infected with three viruses at an MOI of 0.1. The result showed that the viral protein expression of WSN T80E mutant were severely decreased comparing to WSN WT and T80A, indicating that both virus rescue and the viral protein expression of WSN virus can be impaired by NS1 T80E mutation (Fig. 3C) .
To further assess the role of T80 phosphorylation during virus replication, MDCK cells and A549 cells were infected with WSN WT and T80 mutant viruses at a multiplicity of infection (MOI) of 0.001 to achieve multiple-cycle growth curves. The viruses were harvested at different time-points post-infection (p.i.) and then titrated by plaque assays. During the multiple-cycle growth, the replication of the WSN Fig. 2 . Threonine 80 is a highly conserved NS1 residue among different strains. A Schematic diagram representing the functional domains of NS1, including residue T80. NLS, nuclear localization sequence (Greenspan et al., 1988) ; NES, nuclear export sequence (Li et al., 1998) ; NloS, nucleolus localization sequence (Melen et al., 2007) ; RBD, RNA binding domain; LR, linker region; ED, effector domain; RIG-I, retinoic acid induced gene; and CPSF30, 30-kDa subunit of the cleavage and polyadenylation specificity factor (Hale et al., 2008) . B. T80 is highly conserved in NS1 among different subtypes of influenza virus. Sequence alignments of the linker region and T80 (red) were performed using MegAlign. C. Surface accessibility of T80 was analysed by PyMOL. The linker region (green) and T80 (red) are visible, indicating that T80 is on the surface of the NS1 and accessible by other proteins.
T80A mutant was not substantially altered compared with WSN WT. In contrast, the T80E mutant virus replicated more slowly, yielding approximately 100-fold fewer viruses than WSN WT after 48 h p.i. in MDCK cells and at least 10-fold less viruses than WT after 24 h p.i. in A549 cells. These data suggest that constitutive T80 phosphorylation decreases virus replication in cell culture (Fig. 3D) .
To evaluate whether the T80E mutation also attenuates virus replication and pathogenicity in a mouse model, viruses (WSN WT and T80 mutants) at different titers (10 1.5 and 10 2.5 TCID 50 ) were used to intranasally infect female BALB/c mice. The body weight change and mortality rate of inoculated mice were monitored daily for 2 weeks. In the PBS-infected group, no obvious weight loss was observed. In both the 10 1.5 and 10 2.5 TCID 50 of WSN T80E mutantinfected group, weight decreased by only a small amount compared with mice infected with 10 1.5 and 10 2.5 TCID 50 of WSN WT virus and T80A mutant, which lost weight rapidly (Fig. 4A ). Even so, it is still notable that T80A-infected mice showed slower weight loss than WT-infected mice, suggesting that although T80A was lethiferous, still showed less pathogenic than WSN WT. Further, 75% lethality was observed in WSN WT and T80A mutant of 10 2.5 TCID 50 -infected mice, while a T80E dose of 10 2.5 TCID 50 was not lethal to inoculated mice ( Fig. 4B ). Influenza A virus primarily infects the lungs of mice, so the inoculated mice were also dissected, and their lung tissue was examined at different days p.i.. Anatomical examination of lung tissue indicated significant severe pneumonia lesions in mice infected with both WSN WT and T80A mutant viruses at 5 days post-infection (d.p.i.). We observed inflammatory edema in lung tissue in the WSN WT and T80A mutant-infected mice that was much more serious than in the T80E mutant-infected mice (Fig. 4C) . Next, the lung indices were calculated, and we found that the lung indexes in the WSN WT and T80A mutant-infected mice were significantly higher than in T80E mutant-infected mice in 5 d.p.i. (Fig. 4D ). Lung samples from the infected mice were also used to examine the virus titers of WSN WT and the T80E mutant; the highest viral titers in the WT-infected lung tissue were found at 3 d.p.i.. Regardless, the WT virus titers in the lung were~10-fold greater than the T80E mutant virus at Fig. 3 . The phosphomimetic T80E mutation attenuates the growth and replication of the WSN virus. The 12-plasmid reverse genetic system was used to rescue WSN WT and T80 mutant viruses. A. At 72 h p.t., 293 T cell culture supernatants were harvested and used for plaque assays on MDCK cells. All recombinant viruses could be rescued. The rescue experiment has been performed for three times independently, and the graph showed the mean value ± the standard deviation of these experiments. B. At 72 h p.t., the transfected 293 T cells were lysed for western blotting. NP, NS1 and M1 were probed with respective antibodies; β-actin was analysed as a loading control. 'Neg' control is transfecting reverse genetic system into 293 T cells without NS vRNA expressing plasmid. C. A549 cells were infected with WSN WT and T80 mutants with the equivalent MOI of 0.1. The viral protein NP and NS1 of WSN WT and T80 mutants were examined by western blotting at different time points of first viral replication cycle (0, 2, 4, 6 and 8 h p.i.) in A549 cells. D. The recombinant virus containing the NS1 T80E mutant replicated slower than the WSN WT and T80A mutant viruses during multi-cycle growth in MDCK cells and A549 cells. Growth curves were performed in triplicate experiments. Error bars represented the standard deviations from the mean values of the three independent assays. each d.p.i. (Fig. 4E ). Taken together, these results suggest that constitutive phosphorylation of the T80 residue would result in limited virus replication efficiency both in cell culture and in a mouse model.
Phosphorylation of T80 reduces vRNP activity by damaging the NS1-NP interaction
Non-structural protein 1 is associated with the vRNP complex through a direct interaction with NP (Robb et al., 2011) . Therefore, we hypothesized that NS1 might play a role in maintaining the activity of the viral polymerase. Here, we used the mini-replicon luciferase report system (Wang et al., 2011) to characterize the different vRNP activities with or without NS1 WT and its T80 mutants. The luciferase activities, which represent the viral polymerase activity, with the T80A mutant were slightly decreased compared with NS1 WT, while the T80E mutation caused a >50% reduction in the luciferase activities (Fig. 5A) . Additionally, the activity of the vRNP complex increased twofold when WT NS1 was co-expressed. These data revealed that NS1 facilitates the activity of the vRNP complex and that phosphorylation of T80 hinders this function.
To further determine whether the reduction of the polymerase activity caused by the T80E mutation was due to A. BALB/c mice were intranasally inoculated with 50 μl virus (WT, T80E mutant or mock) at three different titers. Body weights were examined daily for 14 days and calculated as the percentage of the original body weight. The data were the mean body weights of four mice. B. The lethality of different viruses was calculated. WT 2.5 , T80A 2.5 and T80E 2.5 represent the three types of viruses of 10 2.5 TCID 50 ; and WT 1.5 , T80A 1.5 and T80E 1.5 represent the three types of viruses of 10 1.5 TCID 50 .
C. The lung tissues from virus-infected groups or the mock group were taken from different days after infection, and the lung tissues were displayed. Pneumonia lesions part in the mice lungs was outlined with black. D. Three mice from the 10 2.5 TCID 50 -infected group were sacrificed on days 1, 3 and 5 p.i. to determine the lung index. The difference between mutantsinfected group and WT-infected group was tested by t tests. ***, P < 0.001. (E) Lung tissue supernatants were harvested at three time points, and the lung virus titer was determined by plaque assays on MDCK cells.
impairment of the interaction of NS1 with NP, co-IP assays were performed. Plasmids encoding NS1 WT or the T80 mutants were co-transfected with FLAG-NP in 293 T cells, the FLAG-NP protein was precipitated with FLAG-agarose, and co-precipitated MYC-NS1 was detected with an anti-MYC antibody. The binding of the T80A mutant to NP was similar to that of WT, while the T80E mutant displayed significantly reduced NP binding (Fig. 5B) . We also attempted to show the interaction of NS1 and NP on an endogenous manner by use of high infection doses within first replication cycle. The replication rate T80E virus was much lower than that of WT and T80A viruses, thus, to equalize the protein expression level of NP and NS1 between T80E infection group and other group, we applied different infection doses in each group. Finally, we chose an infection dose of T80E was at an MOI of 50, meanwhile that of WT and T80A mutant was at an MOI of 5. NP expression pattern between each group was similarly equal, but the NS1 expression level of T80E group was still lower than that of other group. Nevertheless, it cannot influence the conclusion obtained from the IP result in which the NS1 band of T80E was nearly vanished, demonstrating that NS1 and NP interaction was impaired by T80E mutation in an endogenous manner (Fig. 5C ). These data suggest that the constitutive phosphorylation of T80 reduces the interaction with NP, which may be the account for decreased vRNP polymerase activity and reduced replication efficiency of the WSN virus.
The T80E mutation disrupts host immune response escape of influenza by reducing binding affinity with RIG-I Non-structural protein 1 is a major virulence factor of IAV and a determinant of pathogenesis during viral infection via its inhibition of the host immune response and limiting both IFN production and antiviral effects. To examine the inhibitory effect of T80 mutants on the relative production IFN-β and of IFN-induced downstream cytokine MxA during viral A. Measurement of the activity of vRNP complexes with NS1 WT and NS1 mutants (T80A and T80E) via luciferase assays. Luciferase activity was detected 32 h p.t. of viral protein (PB1, PB2, PA and NP), vNS-luc-expressing plasmids, and MYC-NS1 plasmids. The luciferase activities in the NS1 mutants group were compared with the activity of NS1 WT group. The expression level of NS1 and NP were detected with specific antibodies. The luciferase experiments have been performed three times independently, and the difference was tested by student's t test. *, p < 0.05; **, p < 0.01. B. MYC-NS1WT, T80A and T80E mutant proteins were co-expressed with FLAG-NP in 293 T cells. FLAG-NP was immunoprecipitated with anti-FLAG agarose, and the MYC-NS1 was detected with the anti-NS1 antibody (upper panel). The relative density (lower panel) was calculated from the data of data of three independent co-IP experiments. The density of co-precipitated MYC-NS1 band in each group was firstly normalized the density of its corresponding co-precipitated FLAG-NP band to calculate a value representing the relative density of MYC-NS1 binding per co-precipitated FLAG-NP. Then, this value in each group (including WT group) was divided by that of WT to obtain the relative density data. The difference between each group and WT group was tested by student's t test. **, p < 0.01. C. 293 T cells were infected with WSN WT and T80A mutant at an MOI of 5, and T80E mutant at an MOI of 50. The equalized NPs in each group were precipitated with anti-NP polyclonal antibody and protein G agarose, and the NS1s were detected with anti-NS1 antibody (left panel). The density of output NS1 band in each group was firstly normalized the density of its corresponding input NS1 band to calculate proportion of co-precipitated NS1 in total NS1 protein. Then, this value in each group was divided by that of WT to obtain the 'relative density' result. The relative density of T80E showed significantly difference with that of WT (right panel). The difference was calculated by student's t test. **, p < 0.01.
infection, A549 cells were infected with WSN WT or T80 mutants, and cellular RNA was exacted from infected cells at the early time of first replication cycle (0, 0.5, 1, 2, 4 and 6 h p.i.). Reverse transcription PCR (RT-PCR) with oligodT primers was then performed. The mRNA expression levels of IFN-β and MxA were quantified by real-time quantitative PCR with IFN-β primers and MxA primers relatively. GADPH primers were used for controlling. Infection with the T80E mutant led to a remarkable up-regulation in the transcription level of IFN-β and MxA mRNA at the very early time upon infection. Meanwhile, the WSN WT and T80A mutant also could still simulate the yield of both IFN-β and MxA mRNA with a similar level even though much less than that of T80E mutant (Fig. 6A) . These results suggest that the T80E mutation ablates the NS1 inhibition of the host immune response aroused by virus infection in a virus infection assays, also provide another reasonable explanation for why the T80E mutant displays reduced replication compared with the WT and T80A mutant. To exclude the possibility of IFN increasing due to attenuated NS1 T80E expression, a luciferase system was utilized to assess the IFN antagonism effect with equalized NS1 expression. Plasmids pCMV-MYC-NS1, IFN-β-Luciferase reporter and pcDNA-β-gal were transfected into 293 T cells, while pCMV-MYC empty plasmid served as a negative control. All activities were measured using standard kits (Promega, Madison). Sendai virus was added as an IFN-β stimulating factor at 24 h p.t. Luciferase activity was measured at 36 h p.t., and all luciferase activities of NS1 mutants were compared with WT NS1 luciferase activity (Fig.6B) . We found that WT NS1 and T80A greatly inhibited the luciferase activity by more than 16-fold on the stimulated IFN production level, while T80E mutant group reduced only less than half proportion of luciferase activity on IFN expression. Non-structural protein 1 interacts with RIG-I and thus inhibits downstream signaling pathways and IFN production (Jia et al., 2010; Mibayashi et al., 2007) . To determine whether the phosphorylation of T80 plays a role in the interaction between NS1 and RIG-I, we co-transfected NS1 WT or T80 mutants expressing plasmids with FLAG-RIG-I into 293 T cells for co-IP assays. The T80E mutant displayed remarkably decreased binding to RIG-I compared with WT NS1 and the T80A mutant (Fig. 6C) . Thus, the interaction between the T80E mutant and RIG-I is damaged, which results in more IFN and IFN-induced downstream cytokine production. IFAs were also performed to visualize the colocalization of NS1 and RIG-I. The 293 T cells expressing RIG-I protein were infected WSN WT and T80 mutants virus, and then fixed and observed at 12 h p.i. Both NS1 and RIG-I were found in the cytoplasm dominantly. NS1 WT and the T80A mutant protein co-localized with RIG-I, while the T80E mutant did not (Fig. 6D) . Interestingly, the T80E mutant protein formed dot-like or plaque-like accumulations in the cytoplasm. The co-location results may provide evidence for explanation of why the binding affinity between the T80E mutant and RIG-I was less than that of WT and the T80A mutant. Thus, the T80E mutant cannot inhibit host cell IFN production due to a decreased interaction with RNA and RIG-I.
To further test whether the capacity to disrupt innate immune evasion of the T80E mutant attenuated viral growth, 293 T WT cells and 293 T RIG-I KO cells were used to perform multi-cycle growth curve assays. These two types of cells were infected with WSN WT, T80A mutant and T80E mutant at a MOI of 0.001, the viruses were harvested at different time-points (12, 24, 48 and 72 h p.i.), and then titrated by plaque assays. During 72 h p.i., these three viruses did not show any distinct difference when grown in 293 T RIG-I KO cells. However, a basic replication defect of the T80E virus was observed when it grew in WT 293 T cells (Fig. 6E) . These data suggest that the impaired host immune evasion caused by the T80E mutation is the major reason for the viral growth defect.
The T80E mutation do not alter either the stability or the polymerization status of NS1
Because the T80E mutation ablated the interaction between NS1 and RIG-I, we considered that phosphorylation of T80 might impact the basic spatial conformation of NS1 and thus alter its stability or polymerization status. Thus, degradation assays were performed to test whether T80E changed the stability and oligomeric form of NS1. We transfected NS1 WT and T80E mutant expressing plasmids into 293 T cells and treated them with CHX (cycloheximide) 24 h p.t. Cells were harvested every hour, and western blotting was performed to assess NS1 stability. The data revealed that the T80E mutant was as stable as the WT (Fig. 7A) .
Finally, we examined if the polymerization state of NS1 was altered by the T80E mutation. 293 T cells were transfected with MYC-NS1 and FLAG-NS1 (which paired both WT and T80E), and co-IP assays were performed to detect MYC-NS1. The precipitated T80E mutant was as abundant as NS1 WT, so the mutation did not impact the NS1-NS1 interaction (Fig. 7B) . We also transformed the pET-30a-His-NS1 WT plasmid or the plasmid with T80E mutation into Escherichia coli BL21 and purified His-tagged NS1. Both NS1 WT and the T80E mutant had similar oligomeric forms (Fig. 7C ). This result is consistent with that of the co-IP assays, demonstrating that the T80E mutation does not effect in the polymerization status of NS1.
Discussion
Several NS1 residues that are phosphorylated during virus infection have been previously reported (Hsiang et al., 2012) . Here, we showed that the NS1 of influenza virus A/WSN/1933 is phosphorylated and that T80 is a novel phosphorylation site. We also revealed the negative Phosphorylation of influenza a virus NS1 7 of 13 regulation of phosphorylated T80 in virus replication. Different T80 mutant viruses were rescued: the T80E mutant damaged virus propagation and caused a 100-fold reduction in virus replication during infection; whereas the T80A mutant had no growth defect. The in vivo data were consistent with the cells culture data, that is, WT virus replicated more efficiently than the T80E mutant. This phenotype can be attributed to two reasons: reduced activity of the vRNP complex and loss of host IFN production control, although the latter may be the dominant cause.
The IAV NS1 was interacts with the NP of the vRNP complex and may regulate the transcription activity of the viral polymerase via an unknown mechanism (Robb et al., 2011) . In present study, the T80E mutation damaged the interaction between NS1 and NP, which down-regulated the activity of the vRNP complex, suggesting a complement role Fig. 6 . The T80E mutant induces potent IFN production by decreasing the binding between NS1 and RIG-I. A. A549 cells were infected with WSN WT and T80 mutants (MOI = 5), and real-time PCR was used to measure the production of IFN-β mRNA and MxA mRNA at 0, 0.5, 1, 2, 4 and 6 h p.i.. All data were determined from three independent experiments. The difference between each group with WT group at same time point was tested by student's t test. *, p < 0.05; **, p < 0.01; ***, p < 0.001. B. Measurement of the production of IFN-β with luciferase assays. The IFN-β-Luciferase reporter plasmid and plasmids expressing MYC-NS1 WT or T80 mutants were co-transfected into 293 T cells, and sendai virus was added in transfected 293 T cells at an MOI of 1 as a stimulating factor at 24 h p.t. Luciferase activity was then measured at 36 h p.t., and all luciferase activities were firstly normalized to internal reference, and then compared with luciferase activity of WT NS1 group. The difference between each group with WT group was tested by student's t test. **, p < 0.01 C. 293 T cells co-expressed MYC-NS1 and FLAG-RIG-I plasmids. Anti-FLAG agarose was used to precipitate the FLAG-RIG-I, and the MYC-NS1 was examined using an anti-NS1 antibody (upper panel). The relative density (lower panel) was calculated from the data of three independent experiments. The density of co-precipitated MYC-NS1 band in each group was firstly normalized the density of its corresponding co-precipitated FLAG-RIG-I band to calculate a value representing the relative density of MYC-NS1 binding per co-precipitated FLAG-RIG-I. Then, this value in each group (including WT group) was divided by that of WT to obtain the relative density data. The difference was tested by student's t test. **, p < 0.01. D. 293 T cells were transfected with FLAG-RIG-I plasmids, and infected with WSN WT and T80 mutants at an MOI of 1 at 24 h p.t.. To observe their cellular co-localization status, cells were washed, fixed and the subcellular distribution of NS1 (red) and FLAG-RIG-I (green) was analysed by IFAs at 12 h p.i.. The nucleus was stained with DAPI (blue). E. The recombinant virus containing the NS1 T80E mutation replicates slower than the WSN WT and T80A mutant viruses during multi-cycle growth in 293 T but not 293 T-KO-RIG-I cells. Growth curves were performed in triplicate experiments. Error bars represented the standard deviations from the mean values of the three independent assays. of NS1 in the transcription and replication of viral RNA. During viral infection, NS1 also acts an essential virulence factor that has multiple functions and inhibits the antiviral immunity response of host cells. RIG-I has been recognized as a cellular sensor of IAV, resulting in IFN induction, while NS1 blocks this process to restrain the subsequent signaling pathway (Akira et al., 2006; Loo et al., 2008; Mibayashi et al., 2007) . In present study, the T80E mutation unrestricted the NS1-controlled IFN production by disrupting the complex between NS1 and RIG-I, decreasing viral replication efficiency. NS1 has various conformational states based on the orientation of the RNA binding domain and effector domain; the linker region can subtly regulate the orientation of these two domains (Carrillo et al., 2014; Cheng et al., 2009; Das et al., 2008) . The T80 residue is located in the linker region of NS1, and therefore, we hypothesize that the phosphorylation of T80 changes the electrostatic charge of this region and alters the protein conformational state, accounting for the reduced binding affinity between NP and RIG-I.
Phosphorylation and dephosphorylation is a dynamic protein modification process (Cohen, 2000a; Pearlman et al., 2011) . During influenza viral infection, the phosphorylation of T80 negatively regulates the interaction between NS1 and other viral or host proteins. However, we do not accurately know when this phosphorylation occurs or what proportion of NS1 is phosphorylated, so the extent of this negative regulation is still unknown. Generally speaking, virus infection stimulates and activates the host immune system, which employs many strategies (such as producing cytokines like IFN) to eliminate the virus. Therefore, we hypothesize that the T80 residue of NS1 is phosphorylated by host cells as an antiviral strategy. Through this approach, cells can down-regulate the binding affinity of NS1 with host proteins (e.g. RIG-I) and limit virus replication. However, under evolutionary pressure, the virus also fights against the host antiviral defenses. We observed that the residue 80-84 region of NS1 is deleted in a number of highly pathogenic influenza H5N1 viruses discovered after 2004, so there is no T80 residue that can be phosphorylated by the host in these H5N1 NS1. Research demonstrates that deletion of this region improves the virulence of these H5N1 strains, and some H1N1 strains lacking this region display more pathogenicity than their original parental strains (Long et al., 2008; Trapp et al., 2014) . These reports provide evidence for our hypothesis that T80 phosphorylation of NS1 is a host antiviral approach. We also attempted to generate WSN viruses containing a NS1 80-84 region deletion by using the reverse genetic system, but no infectious viruses were recovered.
In summary, we reported a novel threonine phosphorylation site on NS1 of WSN virus, which was found to negatively regulate the interactions of NS1 with NP and RIG-I. These findings revealed a novel antiviral mechanism of phosphorylating the T80 residue of the NS1 of IAV, providing a new target for antiviral drug design and development. Fig. 7 . The T80E mutation did not change the stability or polymerization of NS1. A. 293 T cells were transfected with MYC-NS1 WT and MYC-T80E plasmids. CHX was added to cells at 24 h p.t., and cells were harvested 12 h. The NS1 was detected with anti-MYC antibody, and β-actin was examined as a loading control. The density of NS1 protein band was firstly normalized to the density of its corresponding actin band, and then this value was divided by that of WT/T80E in 0 h relatively to obtain the relative density data. This experiment has been repeated for three times independently, and the difference between T80E groups and WT group was tested by student's t tests. B. MYC-NS1 and FLAG-NS1 plasmids were co-transfected into 293 T cells. The cells were harvested at 32 h p.t., and FLAG-NS1 was precipitated with anti-FLAG agarose. The NS1 was visualized with anti-MYC and anti-FLAG antibodies. C. pET-30a-NS1 plasmids (both WT and T80E) were transformed into E. coli BL21. The cells were cultured at 37°C, protein expression was induced at 16°C by IPTG, and then the NS1 was purified. An AKTA system was used to examine the oligomeric state of NS1.
Experimental procedures

Cells and viruses
A549, MDCK, 293 T and 293 TKO-RIG-I cells were grown in
Dulbecco's modified Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (both from Invitrogen) at 37°C and 5% CO 2 . Two hundred ninety-three TKO-RIG-I cells used in this study were established by CRISPR Cas9
Gene Knock-Out Systems, and the procedure can be described briefly as follows: Two single-strand RIG-I specific gRNA primers were used to form double-strands RNA with sticky end by annealing.
The sequence of primers were displayed as follows: RIG-I gRNA up: ACCGCAGGTGCAGAGAAATTGG;
RIG-I gRNA down:
AAACCCAATTTCTC TGCACCTG. The double-strands RNA was constructed into the plasmid pCS-puro (Beijing Biocytogen), then the recombinant plasmids were transfected into 293 T cells. The 293 TKO-RIG-I cells were screened with puromycin of 3 μg/ml, and tested with RIG-I specific antibody by western blotting assay. The influenza virus used in this study was the A/WSN/1933(H1N1) strain and was rescued from cDNAs and propagated in the allantoic cavities of 10-day-old specific pathogen-free embryonated chicken eggs (Neumann et al., 1999) .
Antibodies and reagents
Antibodies and reagents used in this study were obtained from the following sources: Phos-tag acrylamide was from Wako (Japan). A rabbit polyclonal antibody against NP and a mouse monoclonal antibody against M1 were generated as previously described (Liu et al., 2009) . Rabbit polyclonal antibodies against NS1 were generated by immunization of 2-month-old female rabbits with 250 μg purified hexahistidine-tagged NS1 (His-NS1) in Freund's complete adjuvant; the generation of antibody was boosted three times by immunization with 150 μg of the protein at 2-week intervals. Anti-phosphor-Thr antibody, Mouse anti-β-actin polyclonal antibody, antic-MYC (9E10) antibody and anti-FLAG antibody were purchased from Santa Cruz Biotechnology, Inc. All secondary antibodies were obtained from Bai Hui Zhong Yuan Biotechnology, and protease inhibitor cocktail was from Roche. FLAG beads and RNA agarose were purchased from Sigma.
Plasmid construction
The 
Phosphate-affinity SDS-PAGE and preparation for nano-LC-MS/MS analysis
Two hundred ninety-three T cells were infected with WSN virus at an moi of 5, then IAV-infected 293 T cells were lysed in lysis buffer (20 mM HEPES [pH 7.4 ], 1% Triton X-100, 150 mM NaCl, 10% glycerol and 1 mM EDTA) supplemented with complete protease inhibitor cocktail (Roche Diagnostics) and a phosphatase inhibitor (5 mM Na 3 VO 4 ; Sigma) at 8 h p.i.. The NS1 was purified with protein G agarose beads pre-bound to a rabbit anti-NS1 polyclonal antibody for 3 h at 4°C. Proteins were separated by 15% Mn
2+
-Phos-tag SDS-PAGE, as described previously (Kinoshita et al., 2006; KinoshitaKikuta et al., 2007) . Phos-tag acrylamide is a functional molecule that binds specifically phosphorylated ions, and migration speed of phosphorylated proteins decreased and they can be separated from non-phosphorylated proteins. Normal polyacrylamide gel electrophoresis was conducted according to the TaKaRa protocol, with an acrylamide-pendant phosphate-tagged (Phos-tag) ligand (50 μM) and 0.1 mM MnCl 2 (Sigma) added to the separating gel before polymerization. Then, the gel was silver stained, and the pre- Flow rate for analytical gradients was 350 nL/min. Data was acquired on the Orbitrap Fusion MS using a resolution of 120 000 (@ 200 m/z) for full MS scans followed by HCD fragmentation and detection of the fragment ions in the ion trap.
All MS/MS data were analysed using Mascot (Matrix Science, London, UK; version 2.5.1). Mascot was set up to search the target protein sequence database assuming the digestion enzyme trypsin.
Mascot was searched with a fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 10 PPM. Carbamidomethyl of cysteine was specified in Mascot as a fixed modification. Oxidation of methionine and phosphorylation of Ser, Thr and Tyr were specified in Mascot as variable modifications.
Scaffold software (version Scaffold_4.5.1, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability by the Peptide Prophet algorithm (Keller et al., 2002) . Protein identifications were accepted if they could be established at greater than 95.0% probability and contained at least two identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003) . Peptide confidence was determined by Expect valve calculated from Mascot search results. Peptide identification was accepted if Expect value of corresponding peptide was less than 0.05 according to the previous phosphorylation-detection experience, while Expect valve of peptide shown in the Fig. 1B was 0.016. In this study, the phosphorylated peptides were first automatically matched with the theoretical spectra by searching the database, and then were manually validated by checking the consecutive b or y ion fragments with phosphorylated Ser, Thr or Tyr sites (indicated with a mass increase of 80), leading to the confirmation of the phosphorylation. There were six peptide spectral matches were made supporting the T80 phosphorylation.
Generation of recombinant IAVs
The wild-type (WT) A/WSN/1933(H1N1) virus and its NS1 mutants were generated using a 12-plasmid-based reverse genetic system (Neumann et al., 1999) . First, 293 T cells grown to 80% confluence in 60 mm dishes were transfected with 1 μg each of the 12 plasmids in the virus rescue system (NS1-lacking control groups represent that the cells were transfected with all of plasmids in reverse genetic system except for NS-expressing plasmid). Six hours later, the medium was replaced with DMEM including 1 μg/ml tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin. The cells were further cultured for 72 h at 37°C in 5% CO 2 , and the supernatant containing the rescued viruses was harvested and then centrifuged at 5000 g for 5 min to remove cell debris.
Plaque assay
MDCK cell monolayers (5 × 10 6 cells at 100% confluence in 12-well plates) were washed with phosphate-buffered saline (PBS) and infected with different dilutions of virus for 1 h at 37°C. The virus inoculums were removed and washed with PBS twice. Then, cell monolayers were overlaid with agar overlay medium (DMEM containing 1% low-melting-point agarose and 1 μg/ml TPCK-treated trypsin) and incubated at 37°C. Visible plaques were counted at 3 d.p.i., and the virus titers were determined. All data are expressed as the means of three independent experiments.
Immunoprecipitation and western blotting analysis
Two hundred ninety-three T cells were lysed in immunoprecipitation lysis buffer (20 mM HEPES [pH 7.4], 1% Triton X-100, 150 mM NaCl, 10% glycerol and 1 mM EDTA) supplemented with complete protease inhibitor cocktail and a phosphatase inhibitor (5 mM Na 3 VO 4 ). After incubation at 4°C for 40 min, the insoluble components were separated by centrifugation at 12 000 for 15 min. Then, lysates were incubated with anti-FLAG M2 affinity gel (Sigma-Aldrich) for 8 h. Following five washes with wash buffer (20 mM HEPES [pH 7.4], 1% Triton X-100, 300 mM NaCl, 10% glycerol and 1 mM EDTA), the precipitated proteins were separated by SDS-PAGE and then transferred onto Immobilon polyvinylidene difluoride (PVDF) membranes (Millipore Corporation, Billerica MA).
The membranes were blocked for 2 h in blocking buffer, probed with appropriate antibodies and then visualized with chemiluminescence detection reagents. The RNA binding experiments used polyU agarose (Sigma) following the same method as the co-IP.
RNA extraction, cDNA synthesis and real-time quantitative PCR
Evaluation of cytokine expression was performed using an ABI 7300 system according to the manufacturer's instructions. Total RNA was extracted from 293 T cells with TRIzol (Invitrogen) and then reverse transcribed. RNA reverse transcription used the Oligo (dT) primer.
The analysis of gene expression used the following PCR program: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 31 s. The primers used for IFN, MxA and GAPDH are as follow:
IFN-β-F, 5′-TAGCACTGGCTGGAATGAGA-3′; IFN-β-R, 5′-TCCTTGGCCTTCAGGTAATG-3′; MxA-F, 5′-GATGTTTCGATA AAAAATTT-3′; MXA-R, 5′-CGAGCTGGATTGGAAAGCCC-3′;
GADPH-F, 5′-GGTGGTCTCCTCTGACTTCAACA-3′; and GAPDH-R, 5′-GTTGCTGTAGCCAAATTCGTTGT-3′. All reactions were performed in duplicate. The relative mRNA expression levels were calculated by the threshold cycle method (Livak and Schmittgen, 2001 ); we used the house keeping gene GAPDH to normalize the results.
Indirect immunofluorescence assay (IFA)
Indirect immunofluorescence assays were performed with a Leica 
Mouse infection assay
Female BALB/c mice (8 days old) were intranasally infected with 10 1.5
, 10 2.0 or 10 2.5 TCID 50 of the rescued viruses or PBS. The animals were observed daily for body weight. On 1, 2, 3 and 5 d.p.i., mice were sacrificed, and their anatomy was evaluated. The lung index was calculated from 100% × (wet lung weight/body weight), and then lung tissue samples were homogenized in PBS and used to determine viral titers.
Protein expression and purification
The recombinant pET30a-His-NS1 and its T80 mutants were separately expressed in E. coli strain BL21 (DE3) in the presence of 0.5 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG) for 12 h at 16°C. The purification procedure of each protein followed the description previously (Zhang et al., 2012) . The apparent molecular masses of the fractions on gel filtration column were estimated based on the acquired standard curve. The characterization of the oligomerization state of NS1 WT and T80 mutants was performed on the Superdex ™ 200 column in 20 mM Tris (pH 7.4) and 150 mM Phosphorylation of influenza a virus NS1 11 of 13 NaCl, controlled by an AKTA Fast protein liquid chromatography (FPLC) system. The procedures were the same as described previously (Zhang et al., 2012) .
Computer modeling and statistical analysis
The three-dimensional crystal structural of the NS1 was used to illustrate the location of T80 and the linker region. The model was obtained from the modeling building SWISS-MODEL website via the ExPASy web server (http://swissmodel.expasy.org/), and the structure of H6N6 NS1 (PDB code 4OPH) was served as template. This modeling was performed with the program PyMOL (Schrödinger).
Statistical analyses were performed using PRISM5 software (GraphPad Software, San Diego, CA).
